Objectives-To differentiate preterm (<37 weeks' gestation) from term (37 weeks' gestation) fetal lungs by using quantitative texture analysis of ultrasound images.
L ung immaturity remains the most common cause of morbidity and mortality in preterm and early term neonates. 1 Although gestational age (GA) is the best predictor of lung maturity, respiratory distress syndrome and transient tachypnea of the neonate are not restricted to very preterm (<34 weeks' gestation) births. Late preterm (34-36 weeks' gestation) and early term (37-38 weeks' gestation) neonates have significantly higher rates of these complications than neonates born at or beyond 39 weeks' gestation. 2, 3 Thus, identification of fetuses at risk for respiratory morbidity after birth due to lung prematurity or hypoplasia remains very important in the practice of obstetrics. The decision to proceed with or delay delivery is often dependent on the ability to properly assess fetal lung maturity and the presence or absence of lung hypoplasia.
Rapid, precise, and diagnostically sensitive tests of lung maturity are now available, but unfortunately, they remain invasive, have low specificity, and remain poor predictors of fetal lung immaturity. 4, 5 The most commonly available tests assess the lamellar body count, lecithin-to-sphingomyelin ratio, and presence or absence of phosphatidylglycerol. All involve testing amniotic fluid via amniocentesis to provide an indirect assessment of the likelihood of lung maturity. Although the risks associated with amniocentesis in the third trimester are low, complications such as fetal injury, preterm labor, placental abruption, maternal sepsis, fetal heart rate abnormalities, and fetalmaternal hemorrhage have been reported. 6 Noninvasive ultrasound methods capable of distinguishing between mature and immature fetal lungs would be of important clinical value. A number of such ultrasound techniques have been studied with varying degrees of success. Some have focused on direct assessment of the fetal lung by measurement of fetal lung volumes. Others have relied on indirect associations with fetal lung maturity, including placental grading, measurement of epiphysis ossification centers, and pulmonary artery Doppler studies. [7] [8] [9] Furthermore, accurately predicting lethal pulmonary hypoplasia in the fetus has also proven difficult by ultrasound imaging. 10 Quantitative ultrasound texture analysis of the fetal lung has been proposed as a promising noninvasive method to predict fetal lung maturity, fetal lung hypoplasia, and neonatal respiratory morbidity. [11] [12] [13] [14] This technique uses standard fetal lung images, which are easily obtained by sonographers during routine ultrasound examinations. Additional information can then be extracted from these images by applying quantitative processing methods that characterize the tissue. Previous studies investigating this approach have used a variety of methods. Some have been small studies focused on feasibility, reliability, and validation of technique. 13 Others have been large investigations focused on the prediction of clinical events. 11 To date, it remains uncertain whether alternative texture analysis approaches can improve on the techniques previously demonstrated.
Our objective was to differentiate preterm (<37 weeks' gestation) from term (37 weeks' gestation) fetal lungs by using a new quantitative ultrasound texture analysis method. This study was a preliminary application of a novel technique, which transforms the pixels of an ultrasound image into a binary map by employing a Floyd-Steinberg dithering algorithm. Unlike similar prior studies, the technique demonstrated here will be capable of using a smaller region of interest (ROI) within the fetal lung and will yield an index value rather than a dichotomous (yes/no) response.
Materials and Methods
This retrospective cohort study included women with singleton gestations who had routine pregnancy ultrasound examinations at 20 weeks' GA or later, for a variety of indications, at the Center for Maternal-Fetal Health at Suffolk (Smithtown, NY) and the Southside Hospital Antenatal Testing Unit (Bay Shore, NY) between January 2015 and December 2015. Ultrasound examinations with a 4-chamber view of the fetal heart were sequentially selected from our ultrasound database. Protected health information was removed from all extracted ultrasound images before the texture analysis. All pregnancies included in the study had valid dating, based on the last menstrual period and measurement of the crown-rump length during the first trimester. Exclusion criteria were multiple gestations, fetal malformations, and pregnancies with screening tests suggestive of fetal aneuploidy. Patients were not excluded for any maternal medical conditions. The Northwell Health System Human Research Protection Program and Institutional Review Board approved the study protocol.
Image Acquisition and Analysis
Fetal lung image acquisition was achieved by using a transverse view of the fetal thorax at the level of the 4-chamber view. All images were obtained with GE Voluson E8 ultrasound systems (GE Healthcare, Milwaukee, WI) for uniformity. The ultrasound machines were all equipped with convex array transducers with a frequency range of 3 to 7.5 MHz. Ultrasound examinations were performed by experienced sonographers, and a maternal-fetal medicine attending physician reviewed their findings. Equipment settings were adjusted at the sonographer's discretion to obtain the optimal image quality. The only information retained with the ultrasound images was the GA at the time of the ultrasound examination.
Ultrasound images were digitally collected in the original Digital Imaging and Communications in Medicine format and then analyzed in a custom-made program with a graphical user interface tool developed in MATLAB (version 8.5.0.197613 R2015a; The MathWorks, Inc, Natick, MA). The software uses a dithering technique based on the Floyd-Steinberg algorithm, in which the pixels of an ultrasound image are transformed into a binary map from which a dynamic range value is determined. [15] [16] [17] This program, in short, converts an image to gray scale and rounds the intensity of each pixel to its nearest extreme, black or white. It then calculates the percentage of white pixels with respect to the total number of pixels in a selected ROI. This method is then based on the ratio of the maximum to minimum of the grayscale pixel values. Therefore, adjustment of the gain by the sonographer will not affect the result. For each fetal lung, an ROI was manually selected by a single physician, carefully ensuring that only lung tissue was delineated. The ROI was selected from the area of the lung that had the least shadow. Each ROI was a square, which was further divided into at least 25 sub-ROIs (5 3 5) with each sub-ROI containing 100 pixels, for a minimum of 2500 pixels. Larger areas were chosen when the images were of good quality, and smaller areas were selected when there was shadowing. For example, if the selected ROI was larger and had 10 3 10 subROIs, then a total of 10,000 pixels would be analyzed. In all cases, the area most representative (ie, most uniform, consistent, and homogeneous) of the overall lung tissue was chosen. A quantification of ultrasonic tissue heterogeneity (heterogeneity index) was then determined by calculating the dynamic range for each ROI. An ultrasound image representing the major features of the fetal lung, showing the selected ROI and the sub-ROIs within the ROI, is shown in Figure 1 .
For each ultrasound image, the heterogeneity indices of the left and right lungs were averaged, and then a decision matrix was used to classify the heterogeneity index. All lungs belonging to a GA if 37 weeks or later (term fetuses) were taken to be the actual (true) negative value, whereas those with GA earlier than 37 weeks (preterm fetuses) were taken to be the actual (true) positive value (Table 1 ).
Statistical Analyses
It should first be emphasized that the primary objectives of the statistical analyses were to derive an optimal "cutoff point" for the heterogeneity index as used to predict a preterm fetal lung and to evaluate the sensitivity and specificity by using that cutoff point rule. To derive an initial cutoff point rule, the mean and standard deviation of the heterogeneity index for the GA group of 37 weeks or later were calculated, and a "term reference range" was calculated as mean 6 2 SDs. If the heterogeneity index was higher than the lower limit of the term reference range (ie, heterogeneity index > mean -2 SDs), then the image was classified as belonging to GA of 37 weeks or later. Conversely, if the heterogeneity index was less than mean -2 SDs, then the image was classified as belonging to GA earlier than 37 weeks. Sensitivity and specificity were then computed directly from the resulting 2 3 2 table (Table 1 ) in the usual way. Next, logistic regression (SAS version 9.4; SAS Institute Inc, Cary, NC) was used to estimate the probability of a Figure 1 . Ultrasound image of the transverse view of a fetal thorax taken at the level of the 4-chamber view. In this case, the ROI has been divided into 6 3 7 sub-ROIs, each of which contains 100 pixels, thus yielding a total pixel count of 4200. preterm lung and the associated receiver operating characteristic (ROC) curve. An "optimal" cutoff point for the index was derived as the point yielding sensitivity and 1 -specificity closest to the point (0, 1) on the ROC curve. Regression analysis (SAS) was used to determine the correlation and (linear) functional association between the index and GA. Before the study was conducted, the following sample size calculation was performed: For estimating presumed sensitivity of at least 75%, a sample size of 300 preterm fetuses was required to construct a 95% confidence interval with error of at most 65%. A sample size of 100 term fetuses yields an error of at most 68.6%.
It is important to stress that the study objective was not to determine whether a fetal lung is "premature" or "underdeveloped." Rather, the objective was to determine whether the fetal lung belonged to a fetus who was earlier than 37 weeks or 37 weeks or later. Accordingly, positive and negative predictive values, whereas calculated, must be interpreted appropriately. For example, if the test is applied to a fetus of, say, 35 weeks, the GA is perfectly known to be preterm, so the prediction of whether the lung is preterm is moot. However, if the result of the heterogeneity index test is "negative" (ie, it is predicting lungs from a term fetus), then we might conclude that the prediction of the GA group is inconsistent with the known group.
Results
Ultrasound images from 427 patients were collected. Two patients were removed before the analyses because of poor image quality. A total of 425 fetal lung images (313 preterm and 112 term) were analyzed. The mean heterogeneity index and SD for GA of 37 weeks or later were 2.33 and 0.51, respectively; and those for GA earlier than 37 weeks were 1.51 and 0.26 (Figure 2 ). The means were significantly different (P < .0001, t test).
For the group with GA of 37 weeks or later, the lower limit of the term reference range was computed as 1.13, thus classifying an image as earlier than 37 weeks if the heterogeneity index was less than 1.13. With the use of this cutoff point for classification, the computed sensitivity was 23.6% (74 of 313), and specificity was 96.4% (108 of 112).
The ROC curve analysis ( Figure 3 ) resulted in area under the curve of 0.935. The optimal cutoff point was found to be "classify as preterm" if the heterogeneity index was less than 1.82. Using this cutoff point resulted in sensitivity of 87.9% (275 of 313) and specificity of 92.0% (103 of 112). Table 1 shows the frequency distribution of the heterogeneity index cutoff rule for each group. Figure 2 . Side-by-side box plots comparing GA earlier than 37 weeks and 37 weeks and later. The middle horizontal line is the median; the diamond is the mean; and lower and upper box edges are 25th and 75th percentiles, respectively. HI indicates heterogeneity index. Figure 3 . Receiver operating characteristic curve showing the area under the curve that corresponds to the accuracy of the heterogeneity index (HI) as a predictor of GA earlier than 37 weeks. The optimal heterogeneity index cutoff point of less than 1.82 (to predict GA < 37 weeks) corresponds to the point with sensitivity of 87.9% and specificity of 92.0%.
Regression analysis of the heterogeneity index as a function of GA yielded a slope of 0.06 (P < .0001) and R 2 of 33%. Thus, for every 1 week of GA, the heterogeneity index increased by 0.06 units. Figure 4 shows a scatterplot of the mean heterogeneity index versus GA. The smoothed spline curve suggests nonlinearity as GA exceeds 34 weeks.
Discussion
Our results indicate that quantitative ultrasound texture analysis can indicate changes that occur in fetal lung tissue as gestation advances. We found that decreased tissue heterogeneity on ultrasound imaging is associated with preterm fetal lungs, and increased tissue heterogeneity is associated with term fetal lungs. It is important to note that these findings do not indicate that such lungs are mature or immature in terms of their physiologic development. However, given that there is a known correlation between preterm lungs and premature pulmonary function, future studies should evaluate whether this technique can also differentiate between mature and immature fetal lungs and thus predict neonatal respiratory morbidity.
Using standard statistical ROC curve methods for finding an "optimal" cutoff point to differentiate a preterm lung from a term lung, a cutoff point of 1.82 was derived (heterogeneity index < 1.82 5 preterm; heterogeneity index 1.82 5 term), yielding sensitivity and specificity of 87.9% and 92.0%, respectively. These operating characteristics, along with an area under the ROC curve of 93.5%, suggest that the heterogeneity index is an excellent discriminator.
During the saccular stage of lung development, which begins at approximately 24 weeks' gestation, there is progressive thinning of the epithelium, terminal saccular formation, and the start of surfactant production. The transition to the alveolar stage of lung development is not sharply defined. Alveoli can be visualized as early as 29 weeks' gestation, and lung volume increases 4-fold between this time and term. 18 This process typically accelerates at approximately 36 to 38 weeks' gestation and continues through infancy. 19, 20 During this period, alveolar formation and septation occur, allowing expansion of air spaces. Presumably, this process is the change in the fetal lung structure that we are detecting.
A variety of techniques have been used in previous studies investigating quantitative ultrasound for assessing fetal lung maturity. Prakash et al 21 developed a method in which textural features of both the fetal lung and liver were computed, and the ratio of lung-to-liver values was evaluated to predict lung maturity, using GA as a surrogate. This technique had reported accuracy of 73% to 96%. Tekesin et al 22 evaluated the mean gray value of the fetal lung and demonstrated a characteristic pattern as gestation advanced, which corresponded to fetal lung development, but the only significant differences were noted before 32 weeks' gestation. Serizawa and Maeda 23 evaluated the gray-level histogram width of the fetal lung and liver to predict fetal lung immaturity, with sensitivity of 96% and a specificity of 72%. More recently, quantification of lung texture has been performed with "automated quantitative ultrasound analysis" software, which is not affected by changes in illumination and does not rely on tissue references such as the liver or the direct gray level from the image. 12, 13 This method showed a strong correlation (R 5 0.98) with GA 13 and was able to predict fetal lung maturity, as confirmed by amniocentesis, with sensitivity of 95.1%, specificity of 85.7%, and accuracy of 90.3%. 12 This group has since developed a newer software platform known as "quantitative ultrasound fetal lung maturity analysis," which combines various image texture extractors and machine-learning algorithms to predict neonatal respiratory morbidity. 11 This method was prospectively and blindly validated, with results that were comparable with current tests using amniotic fluid, but the study was limited by a relatively small sample size from a single institution. Our study had several strengths. With more than 400 images, it was sufficiently powered to detect a difference in the heterogeneity index between preterm and term fetal lungs. In addition, the technique investigated in this study uses standard fetal lung images to obtain additional clinically relevant information and requires no specialized nonstandard ultrasound procedures, which would likely require extensive training and standardization to implement into practice. Moreover, this method does not use other tissue references such as the liver and does not use the direct gray level of the ultrasound image. Another strength was that we did not consider the maternal and obstetric conditions, if any, associated with each fetal lung image.
Our study also had several limitations, including the lack of outcome data and the fact that there was no correlation with fetal lung immaturity or maturity; that is, fetuses at earlier 37 weeks' GA may have mature lungs, and those at 37 weeks' GA or later may have immature lungs. Maternal and fetal factors associated with an increased or decreased risk of neonatal respiratory morbidity were unknown for this study population. Specifically, prematurity, low birth weight, advanced maternal age, male sex, cesarean delivery before the onset of labor, and maternal conditions such as diabetes, hypertension, and nonhypertensive renal disease are associated with an increased risk of respiratory distress syndrome. 24 A decreased risk of respiratory distress syndrome is associated with antenatal corticosteroid administration, preeclampsia, fetal growth restriction, and maternal smoking. Furthermore, although there may be a degree of subjectivity or arbitrariness associated with manual selection of the ROI in each ultrasound image, the technique used to quantify the heterogeneity index indicates detects differences in soft tissue heterogeneity that are not perceptible to the naked eye, so any concerns about bias should be mitigated. In addition, our technique demonstrates that the ROI need not delineate the largest possible area of the lung, as some prior studies have done.
Our findings support further investigation of quantitative ultrasound texture analysis for noninvasive assessment of fetal lung tissue immaturity. If such a technique is implemented into clinical practice, it may have a substantial impact on neonatal outcomes, given the growing number of elective deliveries, late preterm births, and also early term births. Despite interventions such as antenatal corticosteroids and postnatal surfactants, lung immaturity remains a major cause of neonatal morbidity and mortality. Although some deliveries should occur even in the absence of documented fetal lung tissue maturity, there are many clinical scenarios in which multiple maternal and fetal factors are considered, and delivery may be thought of as a reasonable option but also one that could be postponed if there were evidence of fetal lung tissue immaturity. The determination of lung tissue maturity by amniocentesis is not only invasive but also time-consuming, labor intensive, and expensive. Therefore, a noninvasive ultrasound method, as described in this study, may be of considerable clinical utility in such cases. Of the 284 images that predicted GA earlier than 37 weeks (ie, heterogeneity index < 1.82), only 9 (3.2%) were incorrect (ie, false-positive rate, 3.2%). Of the 141 images that predicted GA of 37 weeks or later (ie, heterogeneity index 1.82), the false-negative rate was 27.0%. Since the false-positive and false-negative rates depend on sensitivity, specificity, as well as prevalence, these rates will vary among institutions as a function of the "prevalence" of scans that are performed earlier than 37 weeks at a given institution or practice. Accordingly, the Bayes rule would need to be used to recompute the false-positive and false-negative rates. We speculate that these preterm fetuses (<37 weeks) with a high heterogeneity index may have had mature fetal lungs, whereas the term fetuses (37 weeks) with a low heterogeneity index may have had immature lungs.
Future studies will evaluate this technique in a prospective multicenter manner and correlate the heterogeneity index of the fetal lung with obstetric outcomes, including neonatal respiratory morbidity. Although this technique should function independent of the ultrasound machine from which the image is derived, this ability must also be confirmed.
